OBJECTIVE: To assess autonomic modulation of cardiovascular activity in massively obese subjects. DESIGN: Cross-sectional clinical study. SUBJECTS: 43 age-matched normotensive subjects: 15 moderately obese (body mass index (BMI)`40); 14 massively obese (BMI b 40) and 14 nonobese controls (BMI`26). MEASUREMENTS: Using power spectral analysis, heart rate and arterial pressure variability were determined at rest and after sympathetic stress (tilt). Two spectral components were analysed: a low-frequency (LF) component at around 0.1 Hz, predominantly re¯ecting sympathetic modulation and a high-frequency (HF) component at around 0.26 Hz, re¯ecting parasympathetic modulation. RESULTS: Spectral data for heart rate showed that the massively obese subjects had lower LF [mean AE s.e.m.] normalized units (NUs) at rest (35.1 AE 0.9) and after tilt (56.1 AE 2.1), than the moderately obese subjects (LF NUs at rest 53.9 AE 4.2, P`0.001; LF NUs tilt: 66.8 AE 5.6, P`0.001) and nonobese control subjects (LF NUs at rest, 56.6 AE 3.0, P`0.001); (LF NUs tilt: 81.7 AE 1.7, P`0.001). Data for systolic arterial pressure variability measured at rest exhibited the inverse pattern, the massively obese group having higher mean LF values (LF mm Hg 2 rest: 15.0 AE 1.4; LF mm Hg 2 tilt: 15.7 AE 1.5) than the moderately obese group (LF mm Hg 2 rest 3.2 AE 0.7, P`0.001; LF mm Hg 2 tilt: 7.2 AE 2.0, P`0.001) and than the nonobese control subjects (LF mm Hg 2 rest 3.5 AE 0.5, LF mm Hg 2 tilt 8.5 AE 0.8, P`0.001). Regression detected a signi®cant association between BMI and LF of systolic pressure (beta 0.364; P 0.0007), ln LF of heart rate (beta 75.555; P 0.00001) and very low frequency (VLF) of diastolic pressure (beta 73.305; P 0.0020). CONCLUSION: Obesity seems to increase sympathetic modulation of arterial pressure, but diminishes modulation of heart rate. Because our obese subjects had high plasma noradrenaline levels, their low LF power of heart rate could re¯ect diminished adrenoceptor responsiveness.
Introduction
In a recent study, we observed that moderately obese subjects (body mass index (BMI) 26±40 kgam 2 ) have low spectral indices of sympathetic modulation. 1 This study was designed to assess autonomic nervous system effects on cardiovascular function by spectral analysis of heart rate and blood pressure variability, in subjects with massive obesity (BMI b 40). We also sought to verify whether autonomic nervous system changes are related to the degree of excess weight and to other humoral variables.
Spectral analysis provides an overall index of vagalasympathetic cardiovascular modulation and an assessment of end-organ autonomic activity. 2 The currently available data on sympathetic regulation of cardiovascular function come largely from determination of plasma catecholamines. Yet determination of plasma noradrenaline (NA), not only provides an unreliable index, but it also re¯ects efferent adrenergic activity alone. Because most plasma NA is destroyed or undergoes reuptake, the amount assayable in plasma bears no linear relation to the amount released for presynaptic terminals. 3 Neither does determination of this neurotransmitter indicate how the neurohormonal stimulus affects the innervated organ. Innervated organ responsiveness depends on receptor function, on the ability of the adrenoceptor to promote postreceptor signal transduction and on the functional state of the organ under examination. 2 Apart from this interpretative drawback, none of the studies conducted, by evaluating plasma catecholamine concentrations, has yet clari®ed how circulating NA varies in relation to excess weight. The data provided are wholly contradictory. 4 These discrepancies arise largely from the dif®culty in controlling for the array of variables (including diet, sodium intake, emotional stress and level of physical training) and the ability to modify autonomic control.
To circumvent these problems in this study, we assessed autonomic nervous system control of cardiovascular function by spectral analysis of heart rate and arterial pressure variability, under conditions of controlled energy and sodium intake. In addition to its advantage of providing an overall, end-organ assessment of cardiovascular autonomic modulation, the spectral power method is noninvasive, hence scarcely in¯uenced by changes in the emotional tone of the subject under examination. Power spectral analysis of heart rate and arterial pressure variability typically identi®es two main frequency-domain components, the ®rst is a low-frequency (LF) component (around 0.1 Hz) and is predominantly considered a marker of sympathetic modulation of the cardiovascular system. The second, a high-frequency (HF) component (around 0.3 Hz), re¯ects parasympathetic modulation 5 ± 9 ( Figure 1 and Figure 2 ). Figure 1 Power spectral analysis of heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP) and respiration during baseline recording (Rest). A.U. arbitrary units. The respiratory frequency is always synchronous with the high frequency (HF) components.
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Methods

Subjects and study protocol
Of the 58 potential participants initially selected, 43 inpatients completed the study protocol (Table 1) . We considered as exclusion criteria: hypertension; diabetes; cardiovascular, renal, hepatic and respiratory disease; age b 60 y; regular alcohol consumption of more than 20 gad and chronic medication. During the seven days before the study procedures, all subjects were hospitalized and received a Figure 2 Power spectral analysis of heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP) and respiration during head-up tilt test recording (Tilt). A.U. arbitrary units. The respiratory frequency is always synchronous with the high frequency (HF) components.
Heart rate and blood pressure in obesity G Piccirillo et al normocaloric carbohydrate-rich diet (carbohydrates, 50%; protein, 20%; and fat, 30%) with a normal sodium content (about 220 mmolad) which satis®ed their energy requirements. All blood samples for plasma NA and plasma renin activity assays, were collected in cold tubes containing disodium EDTA and were stored at 780 C. Plasma NA was assayed by high-performance liquid chromatography. Plasma renin activity was determined by radioimmunoassay (RIA). For the glucose-tolerance test, 75 g of glucose was administered orally after an overnight fast, and venous-blood samples were collected at the time of ingestion and 30, 60, 90 and 120 min thereafter, for the determination of plasma glucose and insulin concentrations. Plasma glucose concentrations, after oral glucose administration, were measured by a glucose oxidase method. Plasma insulin concentrations were measured by double-antibody RIA. The increased area under the curve for the concentrations of glucose and insulin was calculated by the following formula:
Area 1X25 fasting value 0X5 half -hour value 0X75 one-hour value 0X5 two-hour value Plasma and urine sodium concentrations were determined by standard laboratory methods. Sodium intake was checked daily by measuring urinary sodium excretion. Values reported are those obtained 24 h before the laboratory tests. Potential study subjects who had urinary sodium output of b 250 mmolad or 180 mmolad, were excluded. Arterial pressures were measured by traditional mercury sphygmomanometry.
Weight (kg) and height (m) were measured conventionally; the BMI (de®ned as the weight in kilograms divided by the square of the height in meters) was used as a measure of obesity. On the following day, all selected subjects underwent a simultaneous ECG recording of heart rate, beat-to-beat blood pressure and respiratory signal (Figure 1 ), at baseline (rest) and after sympathetic stress (tilt). Recordings were used for off-line spectral analysis of heart rate and blood pressure variability. Recording sessions took place according to the following protocol: at 08.30 h after blood pressure measurement, in a quiet, comfortable environment (24 C), the subject rested supine for at least 30 min before undergoing a 10 min ECG, beat-to-beat blood pressure and respiratory signal recordings (at rest). After the baseline recording, subjects underwent head-upright tilt testing, a passive orthostatic manoeuvre achieved with a motorized tilt table. Transit from 0 to 90 took about 15 s. After 15 min upright (90 ), the subject underwent a second ECG, beat-to-beat blood pressure and respiratory recording for off-line spectral analysis (tilt). ECG and blood pressure were continuously monitored. If hypotension (a systolic blood pressure fall of 20 mm Hg) or bradycardia, or if symptoms indicating the onset of syncope, nausea or gastric pyrosis, developed during tilt, testing was stopped and the subject was excluded from the study.
Beat-to-beat blood pressures were evaluated by a noninvasive volume-clamp device FINAPRES 2300 (Ohmeda, Englewood, CO, USA). Respiratory activity was measured with a strain gauge. Heart rate was calculated from ECG RR intervals (Telemetria, Battaglia Rangoni, Bologna, IT). All participants gave their written, informed consent to the study procedures, which had the approval of the Hospital Ethics Committee.
Off-line power spectral analysis
An autoregressive algorithm was then used to compute power spectral densities from 10 min ECG and beat-to-beat blood pressure recordings. This algorithm was developed in our laboratory and is described in detail elsewhere. 9, 10 We derived the total power (TP) of heart rate, systolic and diastolic blood pressures and the total spectral density of these variables. For heart rate, systolic and diastolic blood pressures, we calculated the following spectral components: HF component: from 0.15±0.40 Hz Eq, LF component: from 0.04±0.15 Hz Eq and very low frequency (VLF) Moderately obese subjects vs massively obese subjects; d Massively obese subjects vs normal subjects; BMI body mass index.
Heart rate and blood pressure in obesity G Piccirillo et al component: below 0.04 Hz Eq ( Figure 1±2 ). 5, 11 The central frequency (CF) was also calculated for each spectral component.
Spectra from the respiratory trace were analysed on the signal sampled once every cardiac cycle. These spectra were used as a reference to identify heart rate oscillations caused by respiratory sinus arrhythmia. The RR interval and respiratory signal recordings were also used for cross-spectral analysis. To avoid respiratory events that might in¯uence LF power, we checked that subjects breathed at a rate of at least 9 breathsamin (0.15 Hz).
The resulting spectral data of heart rate (HR) were transformed into the natural logarithm of the variable (ln) 11 and LF and HF into normalized units (NUs).
5
Transforming data into NUs also helped to accentuate sympatho-vagal modulation. NUs were calculated as follows:
LF NUs LF poweraTP À VLF power Â 100 HF NUs HF poweraTP À VLF power Â 100X
The ®nal calculation was the ratio between LF and HF powers (LF:HF).
5,12
Data collection and statistical analysis
All data were evaluated with two software packages: Primit (McGraw-Hill, Italy) and SPSS-PC (SPSS-PC Inc, Chicago, IL). All results are expressed as mean AE s.e.m. An analysis of variance was used for comparison of the general characteristics (including: age; BMI; heart rate; plasma renin activity; plasma concentrations of glucose, insulin and sodium; areas under the curve for plasma concentrations of glucose and insulin, and systolic and diastolic blood pressures) ln TP, ln VLF, ln LF, ln HF in the two groups of obese subjects and nonobese control subjects. Mann-Whitney test was used for comparison of LF NUs, HF NUs, LF:HF and the other spectral components of blood pressure variability (TP, VLF, LF and HF) in the three groups. Student's paired t-test was used to evaluate differences between baseline and tilt values of arterial pressures, mean RR intervals, blood pressures, TP, VLF, LF and HF. Wilcoxon rank test was used for comparison of LF NUs, HF NUs, LF:HF, TP, VLF, LF and HF of blood pressure in the same group before and after tilt.
The possible association between BMI and the other variables with the spectral power components was assessed by stepwise multiple regression analysis. Because normalized units and LF:HF yielded scattered values, the possible association between BMI or plasma insulin area and these variables was also determined with Spearman's rank test.
A P value of`0.05 was considered to indicate statistical signi®cance.
Results
Of the 58 subjects initially selected for study, 15 were rejected: four had urinary sodium excretion levels outside the range de®ned for the study; two had vasovagal syndrome; six failed to complete an exercise test to exclude myocardial ischaemia; and three had high arterial pressures. As well as the BMI, plasma renin activity, plasma glucose and insulin levels during fasting and after ingestion of glucose differed in the three groups (Table 1) . Notably, the areas under the curves for fasting plasma glucose and insulin levels were signi®cantly higher in the two obese groups than in nonobese controls ( Table 1) . The massively obese subjects (BMI b 40) had higher fasting plasma glucose concentrations and a higher area under the curve for plasma insulin ( Table 1 ). The more obese group also had signi®cantly higher plasma NA concentrations than control subjects. Plasma renin activity was signi®cantly high only in the more obese group. All three groups had similar heart rate ( Table 2) The massively obese subjects (BMI b 40) had signi®cantly higher systolic blood pressures than controls (P`0.05) ( Table 3) . In all groups, tilt induced a signi®cant increase in heart rate ( Table 2) ; in the obese groups alone, it induced a signi®cant increase in systolic blood pressure (Table 3 ). The massively obese group had signi®cantly higher systolic blood pressures than control subjects (P`0.001) ( Table 3 ). In the massively obese group only, tilt caused diastolic blood pressure to rise signi®cantly, so that their values after tilt signi®cantly exceeded those of the other two groups (Table 4) .
Heart rate variability
Power spectral analysis of heart rate variability identi®ed distinct spectral pro®les in the three groups studied. In particular, it showed that both the two obese groups had lower ln of TP, ln of VLF, ln of LF and LF NUs than control subjects. Values for these variables were signi®cantly lower in the massively obese than in the moderately obese group (BMI`40). The massively obese group also had a signi®cantly lower LF:HF than control subjects. Both obese groups had signi®cantly lower HF values than control subjects. But the more obese group exhibited higher HF NUs than the nonobese control subjects (Table 2) .
In all groups, tilt signi®cantly increased the LF:HF and LF NUs, but signi®cantly decreased HF power and HF NUs (Table 2) . After tilt, the more obese group had signi®cantly lower LF, LF:HF and LF NUs than controls or the less obese group (Table 2) . HF NUs in the more obese group were higher than in the other two groups (P`0.001).
Systolic blood pressure variability
The massively obese subjects had signi®cantly higher TP values for resting systolic blood pressure than the Heart rate and blood pressure in obesity G Piccirillo et al other two groups (P`0.001) ( Table 2) . Their LF values were nearly ®ve times those of the other two groups (P`0.001) ( Table 3) ; and their HF power was also higher than that of the other two groups (Table 3) .
Tilt induced a signi®cant increase in LF only in the moderately obese group and the control group (Table  3) . After tilt, the massively obese subjects had signi®cantly higher LF values (P`0.001) than the other two groups (Table 3) .
Diastolic blood pressure variability
The massively obese subjects had a lower VLF at rest (P`0.05) than nonobese controls. LF power of diastolic pressure at rest in these subjects (P`0.001) was signi®cantly higher than that of the other two groups. Their HF also was signi®cantly higher than that in control subjects. In all groups, tilt signi®cantly increased TP and LF power. The massively obese had higher HF values at rest than the other two groups (Table 4) . No difference was found between the CF of the various components either for heart rate or blood pressure variability (Tables 2, 3 and 4) . Because the CF of HF was invariably higher than 0.15 Hz (9 breathsamin) it could not have in¯uenced LF power.
Correlation and regression analysis
Stepwise multiple regression analysis identi®ed a signi®cant association between BMI and three spectral Rest vs Tilt; BMI body mass index; SBP systolic blood pressure; TP total power; VLF very low frequency; LF low frequency; CF central frequency; HF high frequency.
Heart rate and blood pressure in obesity G Piccirillo et al variables: LF of resting systolic blood pressure (beta 0.364; P 0.0007), ln LF of the resting heart rate (beta 75.555; P 0.00001) and VLF power of the resting diastolic blood pressure (beta 73.305; P 0.002) (Figure 3 ). The area under the curve for plasma insulin concentrations was signi®cantly associated with the LF power of the resting systolic blood pressure (beta 0.375; P 0.0017) and the ln of LF of heart rate during tilt (beta 74.754; P 0.00001) (Figure 4 ). The area under the curve for plasma glucose concentrations during the oral glucose-tolerance tests was signi®cantly associated with LF NUs obtained during tilt (beta 70.06; P 0.02) and with the LF power of the resting systolic blood pressure (beta 0.15; P 0.04). Plasma renin activity showed a signi®cant association with the LF power of systolic blood pressure (beta 0.03; P`0.0001). The regression analysis found no signi®cant associations for plasma NA, plasma insulin or baseline plasma glucose concentrations. Spearman's rank test yielded a negative correlation between BMI and LF NUs measured at rest (r 7 0.67; P`0.001) and after tilt (r 70.59; P`0.001). LF:HF exhibited a similar pattern (rest, r 70.66; P`0.001; tilt, r 70.58, P`0.001). HF NUs measured at rest, behaved in the opposite manner (rest: r 0.62; P`0.001; tilt: r 0.61; P`0.001). As observed for BMI, the area under the curve for plasma insulin concentrations correlated inversely with LF NUs (rest: r 70.55, P`0.001; tilt: r 70.66; P`0.001) and with LF:HF (rest: r 70.54, P`0.001; tilt: r 70.62; P`0.001), positively with HF NUs (rest: r 0.49, P`0.001; tilt: r 0.66, P`0.001).
Discussion
The autonomic nervous system control of the cardiovascular system in obesity remains controversial. Our study of obese subjects highlighted a lowering of all the spectral indices that re¯ect predominantly sympathetic modulation of the heart (ln LF, LF NUs and LF:HF, Table 2 ), at rest and after sympathetic stress. Heart rate and blood pressure in obesity G Piccirillo et al
The higher the BMI the more pronounced was the decrease (Figure 3) . But in the multiple regression analysis using the heart rate power spectral variables, only ln of LF at rest achieved signi®cance. LF NUs and the LF:HF ratio did not, probably because of their widely dispersed values in relation to the small study sample. But nonparametric methods (Spearman's rank test) indicated that LF NUs and LF:HF also correlated inversely with BMI. They also indicated a similar inverse correlation between BMI and the area under the curve for plasma insulin during oral glucosetolerance testing.
Power spectral analysis and determination of plasma catecholamine concentrations provided contradictory data. One explanation is that power spectral analysis of heart rate variability provides an index of end-organ autonomic activity.
2 Decreased LF power might, therefore, not re¯ect decreased pre-receptor sympathetic activity. In keeping with this notion, studies using microneurography have described increased postganglionic muscle sympathetic nerve activity. 13 In other words, decreased LF power could merely re¯ect the inability of the innervated organ to translate the message carried by the neurotransmitter. In power spectral analysis of heart rate variability a decreased LF component could indicate either reduced receptor responsiveness 1 or a post-receptor alteration involving the cardiac sinus node in the presence of increased sympathetic efferent out¯ow, a conclusion that our obese subjects' high plasma concentrations of noradrenaline seem to con®rm. Decreased LF power is nonetheless common in other conditions related to increased circulating catecholamines, for example heart failure 14 ± 16 and aging. 17, 18 Because experimental data obtained in hyperinsulinaemic and hypertensive rats seem to exclude impaired production of cyclic AMP by ventricular myocardial cells, 19 we speculate that the effect of hyperinsulinaemia in obese subjects might be upstream of cyclic AMP production. This data nevertheless needs verifying in human experimental models.
An alternative explanation of reduced LF spectral power in obesity could be that LF does not correspond to sympathetic activity alone, but also provides an index of the baroreceptor re¯ex modulation of sympathetic activity. 6 Hence, rather than indicating depressed sympathetic activity, reduced LF power could re¯ect diminished baroreceptor-re¯ex responsiveness to changes in arterial pressures. It is unlikely to be caused by a reduction in parasympathetic tone, which may be re¯ected in the LF component, because the HF component is signi®cantly increased. 20 Obese persons have a remarkably poor ability to modify their autonomic nervous system axis. 13 Both groups of obese subjects had less sympathetic modulation of heart rate variability after orthostatic stress than the non-obese. In fact, after tilt, LF NU and LF:HF were signi®cantly lower in the obese than in the non-obese (Table 2 ). In most cases tilt increases LF and decreases HF in a relative sense, that is, expressed in NUs or as LF:HF. An increase in the absolute power of LF and a decrease of HF components may not be signi®cant. 5 Hence the signi®cantly decreased LF and LF:HF values in obese subjects indicate a reduced capacity to modulate sympatheticnerve activation of the heart during orthostatic stress. The autonomic nervous system's impaired ability to react to postural changes could be caused by a neuropathy induce by hyperinsulinaemia or hyperglycaemia or by both conditions. Alternatively it could depend on a change in the elasticity of the arterial walls, 21 resulting in reduced baroreceptor-re¯ex sensitivity. 22 In our obese subjects, BMI and hyperinsulinaemia did not in¯uence all the power spectral variables of heart rate in exactly the same way. Multiple regression analysis detected an inverse association between LF power expressed as the natural logarithm with BMI during rest, and with the area under the curve for plasma insulin, during tilt. This observation seems to indicate that the reduced LF power seen in the two contrasting experimental conditions expresses two degrees of autonomic dysfunction. The initial dysfunction could depend on the obese person's poor ability to increment LF during tilt, a direct result of hyperinsulinaemia. The mechanism could be a chronic over-production of catecholamines, 23 with reduced cardiac receptor or post-receptor responsiveness. Our ®nding that reduced LF during rest did not correlate with the area under the curve for plasma insulin could indicate the existence of a further level of autonomic dysfunction, mediated not by the hyperinsulinaemia alone, but probably closely linked to excess weight. This neural dysfunction would depress sympathetic modulation of the heart even in subjects at rest. Heart rate and blood pressure in obesity G Piccirillo et al
Another noteworthy ®nding is that the obese subjects had low TP of heart rate variability. This became evident as a reduction in all the spectral frequency components, most prominent in the VLF component (see Table 2 ). This data has already been reported 1, 24 and could indicate that the obese have a propensity for sudden death and cardiac events. 11, 25 In assessing autonomic modulation of arterial pressures, we found that the massively obese subjects (BMI b 40) had abnormal LF power values at rest, probably re¯ecting abnormal sympathetic modulation of vasomotor activity. 26 Our ®ndings extend this conclusion and imply that excess weight has a direct linear relation to hyperinsulinaemia and to sympathetic modulation of the cardiovascular system ( Figure 3 and Figure 4 ). In addition, we observed that the excessively overweight group were unable to increment the LF component of systolic blood pressure variability during orthostatic stress, a ®nding already expressed in the sympathetic modulation of the heart rate. Again, this impairment is frequently seen in subjects who have disorders known to increase sympathetic activity at rest. 6, 9, 27 From these data we therefore suggest that augmented sympathetic out¯ow determines two end-organ effects: at heart level it causes LF to decrease and at vasomotor level it causes LF to increase. Reduced LF power of heart rate variability could be a defence mechanism set in motion by the adrenoceptors to reduce myocardial consumption of oxygen and lower the risk of malignant arrhythmias. The absence of this defence mechanism in vascular smooth muscle explains why obese persons tend to have high arterial pressures.
